Fibroblasts are subjected to changes of the mechanical force balance during physiological as well as pathological situations, such as wound healing, development of hypertrophic scars, and fibrogenesis.
Introduction
Regulation of genes by mechanical forces has been studied extensively relating to the biology of vascular endothelial and smooth muscle cells or chondrocytes which are obviously subjected to high fluid shear or pressure load (1) . In contrast, dermal fibroblasts are less well characterized in their response to mechanical load, despite the fact that skin in its physiological state is constantly exposed to stretching and bending forces. Moreover, healing of skin wounds represents a special situation in which fibroblasts develop tensile forces against the granulation tissue matrix in order to bring the wound margins together and to obtain fast wound closure. It has been postulated that during wound contraction mechanically stressed fibroblasts differentiate into the specialized myofibroblast phenotype, characterized by expression of α-smooth muscle actin, formation of prominent stress fibers and of fibronexus junctions (2) (3) (4) . The scar that finally develops is itself a tissue under increased mechanical forces, at least as long as scar resolution is not complete. The specialized cases of abnormal scarring, e.g. keloids, represent a further situation to which mechanical forces are of relevance: such lesions have long been known to develop in regions of the body that are subjected to relatively higher mechanical forces than others. Further, fibroblasts in fibrotic skin lesions are thought to be subject to considerable mechanical tension.
Thus, there are examples from physiological and disease conditions which strongly argue for the presence of mechanical forces acting upon skin fibroblasts. To analyze the effects of such forces, several experimental models have been designed which clearly demonstrated that fibroblasts respond to mechanical stress. In a classical experiment, it has shown that fibroblasts develop forces against a malleable substrate, which was wrinkled by the cells (5) . Further development of elastic membrane-based culture models has proven valuable because defined strains, e.g. static or stepwise or cyclic, can easily be applied. Such planar culture models have provided valuable insight into cellular responses to substrate deformation, e.g. induction of collagen and proteoglycan synthesis by vascular smooth muscle cells (6) .
However, for some cell types, including skin fibroblasts, cultures on such substrates does not sufficiently well represent the three-dimensional network of ECM macromolecules with which these cells interact in vivo. Better-suited culture models are three-dimensional collagen lattices (7) . To study the effects of mechanical stress on dermal fibroblasts, we compared retracting collagen lattices, in which collagen fibers are remodeled to a floating disk of one tenth of the original diameter and tension is very low and distributed isotropically to stressed lattices which cannot be retracted due to adherence of the collagen lattice to a nylon thread (or steel wire), placed at the inner perimeter of the dish (8) . In the latter model, cells develop tension against the resisting matrix. By contrast, in the mechanically relaxed matrix of the retracting lattice, tension is self-generated as opposed to the externally applied stress generated by substrate deformation, and distributed anisotropically. The magnitude of force developed in similar restrained lattices has been measured and amounted to 0.25 g per million cells (9) or 40-60 dynes per million cells (10) .
A prerequisite for force generation is presence of serum (11, 12) or TGF-β (13) or PDGF (14) . The active substance in serum is lysophosphatidic acid, which stimulates contraction via cAMP, activation of Rho with inhibition of myosin light chain phosphatase, and via Ca 2+ -dependent activation of myosin light chain kinase (15) . Within collagen lattices, fibroblasts utilize α2β1 integrin receptors to mediate cellcollagen contact (16, 17) . α2β1 mediated contraction leads to activation of PKC-zeta and NFκB (18) . By their transmembrane nature, α2β1 receptors physically connect external collagen fibers with the actin filament network and thereby transmit forces and information required for contraction into the cells (19) .
Cytoskeletal networks must be intact, as cytochalasin-mediated actin microfilament disruption (11) as well as absence of intermediate filaments (20) severely impair contraction.
Cytoskeletal structures were shown to change drastically depending upon mechanical load, i.e. fibroblasts in stressed matrices develop prominent α-smooth muscle actin-containing stress fibers (11), resembling myofibroblasts. Thus, mechanical forces influence the differentiation state of cells. In parallel, cellular morphology also changes: in relaxed lattices fibroblasts appear stellate with short processes, whereas in restrained lattices they are elongated, bipolar and oriented along the lines of tension (8, 21) . Cell proliferation is low in relaxed (7) and active in restrained lattices (8) .
In view of these profound changes, an adaptation of gene expression profiles induced by mechanical stress is expected. As compared to relaxed lattices, overall protein synthesis is increased 4-6fold in stressed collagen gels (8) . In particular, the following genes were found induced in fibroblasts in stressed as compared to mechanically relaxed collagen gels: α1(I) and α2(I) collagen, α1(III) collagen, all three α-chains of type VI collagen, fibronectin and β-actin, while elastin was only slightly induced and MMP-1 was strongly repressed (8) . These changes were regulated at a pretranslational level. Also using fibroblasts but a different experimental model, Chiquet and coworkers demonstrated induction by stress of collagen XII and tenascin-C mRNA as well as protein (1) . Based on comparative promoter analyses, the authors suggested a core sequence of GAGACC, which was initially detected to render a PDGF-promoter in vascular endothelial cells responsive to shear stress, to be part of a stretch-responsive element (22, 23) .
The aim of this study was to obtain a comprehensive overview on changes in gene expression induced by tensile stress in fibroblasts cultured in restrained (termed "stressed" in the following) versus mechanically relaxed (termed "relaxed") three-dimensional collagen lattices. To address this, we applied a combination of techniques to identify differentially expressed genes at the level of steady-state mRNA. For a number of sequences thus identified, differential expression was verified by Northern blot hybridization.
Experimental Procedures

Cell Culture
Fibroblast cultures were established by outgrowth from skin biopsies of healthy donors as described (24) in Dulbecco's modified Eagle medium (DMEM; Life Technologies, Eggenstein, Germany) supplemented with 10% fetal calf serum (FCS; PAA Laboratories, Linz, Austria), glutamine (2 mmol/L, Biochrom, Berlin, Germany), penicillin (100 U/mL, Biochrom), streptomycin (100 µg/mL, Biochrom) and sodium ascorbate (50 µg/mL, Sigma-Aldrich, Deisenhofen, Germany) and grown in the moist atmosphere of a CO 2 incubator (5% CO 2 ) at 37 °C. Cells were subcultured by trypsinization (0.1% trypsin, 0.02% EDTA, Biochrom) in phosphate-buffered saline (PBS) and reseeded at a ratio of 1:2. Absence of mycoplasma was checked routinely by bisbenzimidazole fluorochrome (Hoechst 33258) staining.
Preparation of Collagen Lattices and Force Measurement
Acid-extracted, not pepsinized collagen I from newborn bovine skin was obtained from Prof. Charles Lapiere (Liege, Belgium) and Institut für Biomedizinische Forschung (Leipzig, Germany). Collagen from rat tail tendons was from First Link (Brierley Hill, U.K.). Collagen was redissolved at 3 mg/mL in sterile 0.1% acetic acid.
Three-dimensional collagen lattices were prepared as described with minor modifications (8): Human dermal fibroblasts were seeded at 2 × 10 5 cells/mL into a solution containing collagen I (0.3 mg collagen/mL) and grown for 20 h at 37 °C in 100 mm-diameter bacterial dishes. Cells in mechanically relaxed lattices (termed "-") were allowed to contract the gel matrix, while in stressed lattices (termed "+") contraction was prohibited by a braided nylon thread (0.5 mm diameter) placed at the inner perimeter of the dish (Fig. 1G) . In parallel, monolayer cultures of 3 × 10 6 fibroblasts were incubated for 20 h at 37 °C in 145 mm culture dishes.
The setup used to measure isometric forces was a modification of systems previously described (9, 10) with a force transducer (KG 7A with Bridge-Amplifier DUBAM 7C, Scientific Instruments GmbH, Heidelberg), and a fixed post connected to the lattice by two polyethylene bars (18x5x4 mm). The lattice (17x22x6 mm) was poured between the two attachment posts from a solution containing 2.5x10 5 fibroblasts per mL and 1.75 mg/mL rat tail collagen in DMEM and 10% FCS. Following polymerization (5 minutes at 37°C), the lattice was connected to the measuring device, and the setup was moved to a CO 2 incubator (37°C, 5% CO 2 ). The force transducer output was digitized at 0.23 Hz (Analog to Digital Converter µMeter4 and software Nextview light from BMC Systeme GmbH, Maisach, Germany) and recorded using a personal computer.
Culture on Flexible Membranes
A mechanical strain device (FX-3000, Flexcell Intl. Corp., USA) was used to apply radial and circumferential cellular strain to human dermal fibroblasts. Fibroblasts were cultured as monolayers at 80-90% confluency on collagen I-coated silicone membranes in 6-well plates (BioFlex Culture Plate, Flexcell Corp.) in the moist atmosphere of a CO 2 incubator (5% CO 2 ) at 37 °C. Six planar cylinders (25 mm diameter) served as loading posts for the culture plates which were centered beneath each 35 mm well. By application of vacuum, cyclic equibiaxial strain was applied to the fibroblast monolayer, and the membrane surface area was increased by 20%. The membrane either underwent static deformation (20% surface increase for 24 hours) or it was deformed with a constant, sinusoidal frequency (0.1 Hz, 20% surface increase, 24 h). Before straining, culture medium was exchanged, and 3 mL of fresh DMEM containing 10% FCS was added. Cells cultured in identical wells without externally applied tension were used as controls. All cDNA probes were radiolabeled by random priming (Amersham Pharmacia Biotech, UK) and hybridized overnight at 42 °C either in 50% formamide, 5 × SSC, 0.1% SDS, 5 x Denhardt's buffer, and 0.1 mg/mL denatured herring sperm DNA, or in ULTRAhyb solution (Ambion, Austin, USA).
RNA Isolation and Northern Blot Analysis
Each filter was washed 15 min in 2 × SSC, 0.1% SDS at room temperature; followed by one wash at 42 °C in the same solution, thereafter at elevated stringency and exposed to X-ray films for autoradiography. Equal loading of lanes was confirmed either by methylene blue staining of the nylon membranes or by hybridization with a 24-base oligodeoxynucleotide complementary to 18S rRNA labeled with [ 32 P]ATP by terminal deoxynucleotidyltransferase (Life Technologies; (35)). Signal intensity was quantified using a densitometer (Molecular Dynamics, Krefeld, Germany).
Human UniGEM V cDNA Microarray
The cDNA microchip array experiment was performed using the public domain UniGem V 1.0 array (Incyte Genomics). This array contained cDNA fragments of approximately 7100 genes with known as well as unknown function. Data were analyzed with GemTools software (Incyte Genomics). According to the supplier's information, the sensitivity of the assay was the detection of one within 100 000 transcripts.
Fibroblast mRNA was purified from stressed and relaxed gels at 20 h of culture as described, and cDNA was produced. Cy3-(stressed lattice) or Cy5-labeled (relaxed lattice) cDNAs were hybridized simultaneously to the identical array. Fluorescent ratios were calculated for all elements including controls for sensitivity, differential expression and reverse transcription quality. For our study, a threshold value of 2.0-fold balanced differential expression was set to minimize false-positive elements. Furthermore, selected positive elements were confirmed by subsequent Northern blot analysis in at least three independent experiments employing RNA isolated from different donors. Results were also compared with data obtained in preliminary experiments using the ATLAS gene expression array (Clontech) and a modified subtractive hybridization (PCR-Select, Clontech).
Whole-mount Staining
Collagen lattices were fixed and stained with slight modifications as previously described (4) . Gels were incubated with anti-vinculin monoclonal antibody (VIN-11-5, 1:100, Sigma) overnight at 4 °C.
Incubation with TRITC-phalloidin (0.5 µg/mL, Sigma) and Alexa 488-conjugated goat anti-mouse antibody (1:500, Molecular Probes, Eugene, USA) was performed at 37 °C (2 h). Nuclei were visualized with TO-PRO-3 nuclear dye (1:100, Molecular Probes).
Confocal Laser Microscopy
For confocal microscopy, an imaging system was employed consisting of an argon laser emitting at 488 nm, a krypton laser emitting at 548 and a helium-neon laser emitting at 633 nm connected with a Laser Scanning Microcope (Leica). Output was digitally processed and images were generated using threedimensional rendering software.
Results
In order to achieve a comprehensive characterization of dermal fibroblasts subjected to tensile stress regarding induction or repression of genes, cells were cultured for 20 h in three-dimensional collagen lattices. Parallel cultures were either allowed to contract freely, i.e. these cells were cultured under isotonic conditions and not subjected to significant tensile stress (Fig. 1H) . Further, this will be referred to as the "relaxed" system. The other set was cultured in the presence of self-generated tension in lattices bound by circular nylon threads (stressed system, Fig. 1G ). The time point of analysis (20 h) was chosen because by this time the relaxed cultures had reached maximal contraction (determined in preliminary experiments, not shown) and were regarded to be in mechanical equilibrium. From both sets of cultures, mRNA was isolated and used as starting material for different comparative analyses including hybridization to a cDNA microchip array comprising approximately 7100 expressed sequences (known and anonymous cDNAs). This approach yielded a large number of potentially differentially expressed sequences. Induction or repression of individual sequences by mechanical force was verified by Northern blot hybridization. For clarity, these genes are grouped according to their involvement in specific cellular tasks or properties.
Potential Tension-Inducible Genes Identified by cDNA Microarray Analysis
In keeping with increased fibroblast proliferation in mechanically stressed lattices demonstrated by thymidine incorporation (8), proliferation-associated and cyclin gene expression was induced (Table I, group A). Of the signal transducer/ion channel group (B), Rho GTPase activating protein and myosin light chain were induced, as would be expected from studies using specific inhibitors (15) . Genes involved in nucleoside metabolism and in particular induction of RNA polymerase, the enzyme responsible for mRNA synthesis, reflect a generally activated condition and is in agreement with induced cell proliferation and gene expression (group C).
In the group of transcription factors (group D), high relative induction was observed for Id1and Id3, known as dominant negative antagonists of helix-loop-helix transcription factors, e.g. myoD. They function as general regulators of cell growth and negative regulators of differentiation (36) .
Further, mechanical tension altered gene expression of a variety of transmembrane proteins (E).
Interestingly, of all known genes found induced in this assay, the transmembrane protein human podocalyxin-like protein (PCLP)
, not yet described as expressed gene in fibroblasts, reached the highest score. PCLP was originally identified on podocytes in the kidney glomerulus as a ligand for L-selectin, with a proposed role in tethering and rolling of lymphocytes on endothelia (37).
Group F shows a list of growth factors significantly induced in mechanically stressed collagen lattices.
Highest induction of transcription was detected for Cyr61 mRNA which encodes a secreted, cystein-rich heparin-binding protein, that shares striking structural homologies with the fibrogenic mediator connective tissue growth factor (CTGF) (38) . CTGF itself was detected at significantly increased levels in stressed lattices, confirming results generated by independent experiments (cDNA filter array, Clontech, data not shown), and Northern blot analysis (Fig. 3) .
Of note, vascular endothelial growth factor-C (VEGF-C), a member of the VEGF protein family, was induced in fibroblasts subjected to tensile stress.
Group G summarizes induced expression of different protease inhibitors, including PAI-2 with the second highest score achieved in this assay, but also the functionally related PAI-1. The MMP-inhibitors, TIMP-1 and TIMP-3 were found slightly induced.
The groups H-J comprise ECM proteins and structural components of the cytoskeleton and of focal adhesion sites. Agreeing with previous reports, collagen α1(I) and tenascin-C were induced (8, 39) . The microarray hybridization also confirmed induced expression of α-smooth muscle actin (group I), the isoform specifically expressed by myofibroblasts (40) .
In keeping with the concept that tension is transmitted through focal adhesions (41), induced expression of leupaxin, integrin linked kinase, moesin, zyxin, and vinculin was observed (group J). Changes in focal adhesion and actin cytoskeleton architecture were confirmed by immunostaining. In stressed collagen matrices vinculin is localized in small adhesion complexes at the cell margins ( Fig. 1C and E) . Mechanical tension led to development of distinct actin stress fibers traversing the entire cell body (Fig. 1A and E, visualized by TRITC phalloidin staining). In contrast, lack of tension induced total reorganization of actin cytoskeleton and focal adhesion architecture (Figs. 1 B, D, F) . Fibroblasts appeared rounded (Fig. 1F) , vinculin was distributed diffusely in the cytoplasm or in the perinuclear space (Fig. 1D) , while actin stress fibers disappeared (Fig. 1B) .
Time-Course of Expression of Selected Genes
To obtain insight into the mechanisms of gene induction in human dermal fibroblasts cultured in a different mechanical environment, and to confirm cDNA microchip hybridization results, we studied the response of various genes to self-generated tension in more detail (Figures 2-6 ). These genes were selected for further characterization due to their relevance in connective tissue metabolism (Figs. 2-4 ) or high levels of differential expression demonstrated by microarray analysis (Figs. 5-6 ).
First, we investigated the time-dependent regulation of extracellular matrix molecules in stressed and relaxed collagen gels. Our aim was to identify mechanisms whereby expression of one gene was dependent on previous regulation of another.
Highest expression of α1(I) collagen was observed in monolayer cultures on plastic at 20 h, while expression in both collagen lattice types was lower ( Fig. 2A) . Tension-loaded gel cultures consistently produced stronger signals than relaxed, confirming previous results (8, 42) . Elevated expression was already detected at 4 h of lattice culture, and signal intensity did not change significantly over 20 h.
α1(VI) mRNA was also detected at increased levels after 4h, however, a clear peak in expression was evident at 12 h, which declined after 20 h to the level seen at 4 h ( Fig. 2A) . In contrast to α1(I) collagen mRNA, highest levels of α1(VI) mRNA were observed in stressed gels, not in monolayer cultures. Expression of MMP-1 was low in monolayers at 20 h and lattices at 4 h, while the strongest induction was detected in relaxed lattices at 20 h, as indicated previously (19, 43) . Decorin expression was equally low in monolayers at 20 h and early lattice cultures, but increased significantly and to the same extent in both gel systems over 20 h. Figure 3 depicts expression of TGF-β1, -β3 and CTGF. The isoforms β1 and β3 were both expressed at low levels in monolayers and induced by culture in collagen lattices (Fig. 3A) . TGF-β1 reached maximal expression levels at 12 h in collagen gels, at 20 h expression remained high only under tension, while it declined in the relaxed system. TGF-β3 mRNA was increased in stressed lattices at 12 h and 20 h as well, but peak levels were lower than those of TGF-β1 (Fig. 3A) . In contrast, CTGF transcript levels were lower in both types of lattices than in monolayer cultures with highest expression at 4 h and declining until 20 h (Fig. 3A) . At all time-points, CTGF levels in stressed cells were higher than in relaxed. Thus, CTGF expression in the stressed fibroblasts does not seem to depend on previous upregulation of TGF-β.
In accordance with previous reports (16), α2 integrin mRNA was strongly induced in contracting lattices, but only marginally elevated by tension in stressed lattices over 20 h. Expression of β1 mRNA was low at housekeeping gene GAPDH which is often used as an unmodified internal standard for mRNA expression,
showed strong induction at 20h in relaxed collagen gels and can therefore not be recommended as control for quantification of RNA levels in these systems.
Stress-Induced Gene Transcription Requires Tension or Combined Tension and ECM
Induction of PAI-2 and PLCP, which showed the highest levels of differential expression was verified by comparing the expression levels in monolayer cultures on plastic and in stressed and relaxed lattices at 20 h, using fibroblasts isolated from 4 different healthy donors (Fig. 5) . The same analysis was applied to confirm enhanced expression of FGF-inducible protein 14 (Fn14) which is expressed at elevated levels in heart, placenta and pancreas (44) . A large induction of gene transcription of these genes by tension was observed in all fibroblast strains tested. Interestingly, expression of Fn14 transcripts was of comparable intensity in monolayer cultures on plastic while no signal was detected in relaxed gels. We concluded that tension as it is generated by culturing fibroblasts on the rigid, planar culture plastic substratum is sufficient to upregulate transcription of genes like Fn14. This is contrasted by the induction of PAI-2 and PLCP which in addition to tension requires presence of ECM.
This requirement for either tension or ECM under tension was also investigated for genes that were strongly induced in the mechanically relaxed cultures at 20 h identified by cDNA microchip analysis ( Cdc-like kinase and SOD2 were expressed at high levels in both collagen lattice types with comparably higher levels in relaxed than in the stressed system. Interestingly, this regulation was identical for both transcripts of each gene. However, expression of cdc-like kinase was restricted to lattice cultures, indicating that ECM is required for gene activation, while activation of SOD2 and SH3 binding protein 5 did not show this requirement. SOD2, which is involved in the detoxification of reactive oxygen species, displayed donor-dependent variation of mRNA expression levels.
Quantitative Asessment of Force Development and Regulation of Gene Expression
To correlate regulation of gene expression with increasing force development, PAI-2 was selected as a representative marker gene and mRNA levels were assessed at 500, 800 and 900 µN. For this purpose, a uniaxial collagen lattice was connected to a force transducer. Figure 7A depicts the isometric force developed by fibroblasts in a collagen lattice having dimensions 17mm length (x) X 22mm width (y) X 6 mm height (z), i.e. the x-directed force developed while the total length of the lattice remained constant.
A linear increase was observed over 3-4 hours, which slowly progressed into a plateau at 13 hours. With this setting, maximal force developed amounted to 950-1000 µN. PAI-2 mRNA levels in fibroblasts from two different donors (Fig. 7B) showed an increase at 800 µN by 1.5-and 2.6fold in comparison to levels at 500 µN (Fig. 7C) . Further increasing the force to 900 µN did not result in higher transcript levels, suggesting that cells had adapted to the strain.
Substrate Properties and Type of Mechanical Strain Influence Gene Regulation
To determine the specific influence of fibroblast-generated tension on the transcription of α1(I) collagen and MMP-1 in three-dimensional lattices as opposed to passive stretching of fibroblasts on a deformable substrate, cells were seeded onto collagen I-coated membranes and subjected to either steady (Fig. 8, lane 2) or cyclic (Fig. 8, lane 3) stretch. Steady strain was maximal for the apparatus used and produced a 20%
increase in area for 24 h. Cyclic tension also produced an increase in area by 20%, but the membrane was stretched with a frequency of 0.1 Hz (6 cycles per minute, in a sinusoidal wave). In contrast to the threedimensional collagen gels, expression of both genes was further augmented by deformation. The level of α1(I) collagen mRNA even exceeded the transcript levels of the non-stretched control (Fig. 8, lane 1 Cyclic stretching of the silicone membrane at low frequencies produced a significant increase of the MMP-1 mRNA level while expression in fibroblasts cultured on plastic and in stressed lattices at 20 h remained low (Fig. 8, lanes 1-3) . These findings are interesting, because significant induction of MMP-1 transcription has previously been described in mechanically relaxed collagen lattices (43).
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Discussion
The data presented here indicate that fibroblasts cultured in an environment of three-dimensional fibrillar collagen in the presence of mechanical stress adapt by inducing as well as repressing transcription of a variety of genes and by reorganizing intracellular structures.
Although previously a number of genes have been described that are differentially regulated by the application of mechanical stress to dermal fibroblasts (8, 39, 46) , all these studies lack a comprehensive description of a mechanically stressed fibroblast "phenotype". To obtain a transcriptional profile of dermal fibroblasts cultured with or without self-generated tension against a three-dimensional collagen environment, we employed a cDNA microchip array for the simultaneous analysis of a large number of genes. cDNA array techniques have recently become a powerful tool to explore gene expression, and this method was used to explore differential regulation of serum-responsive genes in fibroblasts (47) . A variety of tension-inducible growth factors, e.g. VEGF-C has been identified. Interestingly, mechanoresponsive regulation of another member of this protein family, VEGF, has been reported in stressed mesangial and vascular smooth muscle cells (49, 51) . VEGF-C was reported to stimulate selectively the growth of lymphatic vessels by binding to VEGFR-3 and, at very low efficiency, growth of blood vessels (52) . Given that lymphatic endothelial cells are induced to proliferate in response to pressure, e.g. in edema, and the close contact of lymphatic vessels to ECM structures (53), fibroblasts can play an important role in controlling lymphatic cell proliferation via VEGF-C/VEGFR-3 interaction.These regulatory pathways can be influenced by mechanical pressure, allowing an adaptation of lymphatic vessel formation to biological requirements.
The concept of a "matrix-synthesizing" fibroblast is strongly supported by the identification of a variety of tension-inducible growth factors that are known to stimulate matrix deposition in processes like wound healing, scarring and fibrotic diseases (54) . Beside induction of TGF-β1 and -β3, we observed significant expression is independent of high TGF-β levels, and induction appears to be directly by mechanical stress. This is in contrast to reports suggesting that TGF-β regulates CTGF gene expression by autocrine or paracrine mechanisms (55) .
Coordinate induction by tension raises the interesting question, whether these genes share common regulatory elements responding to a mechanical stimulus or if they are regulated by local growth factor release. In addition to a TGF-β responsive element, the CTGF promoter contains an element homologous to a core sequence known as stretch-responsive element (GAGACC) that may be involved in a direct regulation of CTGF expression by the application of mechanical stress (22, 58) . This element is highly conserved among different species and present in the promoters of many tension-inducible genes, e.g.
tenascin-C and collagen XII gene (1) . Data base comparison of the promoter regions of selected tensionresponsive genes yielded a positive correlation between the presence of GAGACC-like motifs in the promoters of α1(I) collagen, CTGF, PAI-2, β-actin, and fibronectin and tension-inducibility of gene expression. However, the MMP-1 gene which is not induced upon self-generated tension also contains the core sequence motif, suggesting that a more complex element must be involved in this response.
Changes in transcripts associated with focal contacts or cytoskeletal structure were identified by the microarray assay and matched the immunostaining results. Formation of stress fibers only in fibroblasts under tension had previously been described (4). In the relaxed lattices, actin filaments were still detectable, however, no clear structure can be depicted with the exception of filamentous bundles that seem to connect adjacent cells. Clearly defined vinculin-positive focal adhesion sites in stressed cells (4) , and this report) contrast with the staining in relaxed fibroblasts, which appears diffuse and cytosolic. This suggesting that it is important to differentiate between externally applied versus internally generated forces.
Thus, our microarray analysis and Northern blot studies have revealed 50 tension-inducible known genes and even more, if anonymous sequences are included. Our findings are in contrast to a recent report on the stress response by vascular smooth muscle cells (49) . This study presented a transcriptional profile analyzing 5000 genes of vascular smooth muscle cells seeded onto deformable silicone membranes. Only 3 transcripts were found induced significantly, i.e. cyclooxygenase-1, tenascin-C and PAI-1.
Interestingly, two of these transcripts were also found increased in our study involving a different cell type and a different stress-eliciting system.
In addition, a recent study on the activation of genes in fibroblasts by UV irradiation also showed only four genes, three of which are of known function, including TIMP-3 (61). The low number of genes detected in this study may result from the technique used (subtractive hybridization), which also in our hands produced only few differentially regulated genes.
Interestingly, a number of tension-induced genes (PAI-1, PAI-2, CTGF, Id3, TIMP-3) were also 
